The removal of Pb(II) from water by biosorption processes onto malt bagasse was investigated and the kinetic and thermodynamic parameters were obtained; additionally a diffusion modeling was proposed. The characterization of malt bagasse was performed by FTIR and SEM/EDS. The experiments were conducted in batch system and an experimental design based response surface methodology was applied for agitation speed and pH optimization. The kinetics of biosorption followed pseudo-second-order model and the temperature of the process affected the biosorption capacity. Isotherm models of Langmuir, Freundlich, and Elovich were applied and the Langmuir model showed better fit and the estimated biosorption capacity was 29.1 mg g −1 . The negative values obtained for Δ ∘ and positive values of Δ ∘ confirm, respectively, the spontaneous and endothermic nature of the process. The diffusion modeling was performed based on experiments in the absence of agitation to investigate the influence of the biosorbent on the sorption process of Pb(II) ions.
Introduction
The pollution of water by toxic elements such as cadmium (Cd), mercury (Hg), and lead (Pb) generally from industrial wastes is potentially harmful to the health of human beings and the ecosystem [1] [2] [3] [4] . Considering the contamination of aquatic systems, Pb is one of the most toxic and problematic elements. The effects of Pb on human's heath include kidney damage, inhibition of hemoglobin formation, sterility, and mental retardation [5] . Industrial effluent treatment is normally performed by conventional processes such as precipitation and sludge separation, besides some processes including chemical oxidation and/or reduction, electrochemical treatment, ion exchange, and reverse osmosis that can be also performed. However, some of these methods are costly and have poor efficiency of treatments, concerning metal removing [6] . Consequently, alternative methods, such as biosorption process, for metals removal of effluents have been studied [7] [8] [9] [10] [11] .
Biomaterials from natural resources or from agricultural products have been applied for preconcentration of metals and as sorbents to remove heavy metal effluents by biosorption process [11] . Examples of biosorbents are natural spider silk [11] , olive tree pruning waste [7] , red microalgae [9] , orange peel [8] , and sugarcane bagasse [10] . A potentially new and low cost biosorbent is malt bagasse, the main subproduct obtained from the beer production process; around 14-20 kg of malt bagasse is generally produced for each 100 L of beer [12] . For textile removal from aqueous solution, malt bagasse was found to be a good biosorbent due to the removal capacity, low cost, and possibility of use without previous treatment [13] .
From this point of view, the goal of this work is to investigate the efficiency of malt bagasse in lead ions (Pb(II)) removal by biosorption process. The effects of some experimental parameters on the biosorption of Pb(II) onto malt bagasse were evaluated. Furthermore, the thermodynamic and kinetic parameters were obtained and a diffusion study was performed for the biosorption process. Regarding the last point and its influence on the sorption process, we consider the adsorption of Pb(II) ions from the water in the absence of agitation when it is in contact with a surface that was coated with malt bagasse. 
Materials and Methods

Instrumentation.
The malt bagasse was dried in an oven with forced air circulation (Solab). The malt bagasse was characterized before and after biosorption process by Fourier transform infrared (FTIR) spectroscopy (Varian 7000) and scanning electron microscope (SEM) (Tescan, Vega 3 LMU) with energy dispersed spectroscopy (EDS) (Oxford, AZTec Energy X-Act). The biosorption experiments were carried out in bath system using metabolic shaker (Solab) and the pH adjustments were performed in pHmeter (Aaker). After the biosorption process the samples were centrifuged in a centrifuge (Fanem). The remaining Pb concentration in the solutions was measured using an atomic absorption spectrometer (Perkin Elmer) equipped flame atomization. The Pb concentration was monitored at Pb resonance line 283.3 nm and using air-acetylene flame.
Reagents and Solutions.
The biosorption experiments were carried out with solutions prepared by adequate dilutions of a stock solution (Pb(NO 3 ) 2 ) (Biotec) containing 1000 mg L −1 . The calibration standards were obtained from Pb stock solution containing 200 mg L −1 (Specsol). Nitric acid (0.1 mol L −1 ) and sodium hydroxide (0.1 mol L −1 ) were used for pH values adjustments. All the dilutions and solutions were prepared using ultrapure water (18 MΩ cm resistivity), purified in a system (Master All 2000, Gehaka).
Malt Bagasse Preparation.
The biosorption experiments were performed with malt bagasse samples provided by Beer Company from Ponta Grossa City, Paraná State. The samples were dried at different temperatures (303, 313, and 323 K), crushed, and sieved, and different particle size fractions were separated.
Batch Biosorption Experiments.
The experiments were performed in triplicate and the results are shown as mean values. The biosorption process was performed in batch system using a mass of malt bagasse from 30 to 225 mg, directly weighted in a 50 mL Erlenmeyer flask. Then an aliquot of 25 mL of 100 mg L −1 Pb(II) solution was added and the pH was adjusted at range of 2.0 to 4.5. The mixtures were agitated at speed range from 0 to 200 rpm, at determined temperature and contact time. After the biosorption process the malt bagasse was separated from the solution by centrifugation at 4000 rpm (3 min) and the remaining concentration of Pb was determined in F AAS spectrometer.
The following equation was applied to obtain the biosorption capacity ( ):
where is the volume of the solution (L), is the initial concentration (mg L −1 ) of Pb(II), can be defined as Pb(II) concentration at equilibrium (mg L −1 ), and is the amount of malt bagasse (g).
Experimental Design and Optimization.
The effects of operating parameters on the biosorption of Pb(II) ions on malt bagasse were analyzed using a central composite factorial. The general form of this factorial design is 2 plus a star configuration ± = 2 (1/4) , with a central point, where represents the number of factors and 2 is the two levels of work [23] .
The levels are defined as low level (−1), high level (+1), central point (0), and two outer points given by ± √ 2.
The independent variables were 1 and 2 representing pH and agitation speed, respectively, while the dependent variable (response variable) was the Pb(II) removal percentage. The minimum and maximum levels of each factor were defined based on the results obtained from previous experiments. The settings for the independent variables (Table 1) applied. Thus, to permit the approximation of the pure error, the central point of the design was performed in triplicate.
Optimal conditions of pH and agitation speed for Pb(II) removal percentage were obtained using the predictive models from response surface methodology (RSM), which is resulting from mathematical and statistical equations applied for process optimization [24] .
The response surface was calculated for the two independent factors using the software Statistica 7.0 from Statsoft Inc [25] and the model was evaluated by analysis of variance (ANOVA), verifying if the models reproduced the experimental data in the range studied.
Kinetics Studies.
The experiments were performed using 125 mg of biosorbent 25 mL of 100 mg L −1 Pb(II) solution at pH 4.5 ± 0.1 and agitation speed at 170 rpm with controlled temperature (295, 305, and 315 (±2) K). The samples were collected, centrifuged, and diluted and the Pb(II) concentration was determined at different contact time.
Equilibrium Studies.
For equilibrium experiments the biosorbent weight ranged from 30 to 225 mg, using 25 mL of Pb(II) solution 100 mg L −1 at pH 4.5±0.1 and selected temperature of 305 ± 2 K and 170 rpm of agitation speed for a contact time of 180 min. Then the samples were centrifuged and the Pb(II) concentration in each solution was determined.
Diffusion
Modeling. Diffusion studies were performed using 1.25 g of malt bagasse and 250 mL of Pb(II) solution 100 mg L −1 without agitation. The biosorbent is totally deposited in the end of the recipient which was filled with the Pb(II) solution. The experiments were realized at 303 ± 2 K and aliquots of supernatant solution were taken and the remaining concentration of Pb(II) in the solution was determined at predefined time, during 5990 min.
Results and Discussion
Characterization of Biosorbent.
The malt bagasse unloaded (a) and Pb(II)-loaded (b) were characterized by Fourier transform infrared (FTIR) spectroscopy; the obtained spectra are presented in Figure 1 . As can be observed there are functional groups, indicating the complex nature of biomass [15] . At 3314 cm −1 a strong absorption peak can be observed for malt bagasse before and after Pb(II) biosorption process, result of the presence of -OH and -NH groups. The absorbance at 2928 and 2845 cm −1 is attributed to -CH 2 and -CH 3 groups. Bands at around 1732 and 1656 cm −1 are signatures of C=O stretching vibrations [13] . The peak at 1732 cm
Pb(II)-loaded shows an intensity increase when compared with malt bagasse unloaded. Other peaks were observed in both spectra at 1049 cm −1 due to C-O stretching of carboxyl groups and bending vibration band of hydroxyl groups [26] . However, for the spectrum Pb(II)-loaded, biomass causes an intensity decrease.
The characterization of malt bagasse was also performed by scanning electron microscopy (SEM) equipped with energy dispersed spectroscopy (EDS). The SEM micrographs and EDSs spectrum (a) unloaded and (b) Pb(II)-loaded are shown in Figure 2 . As observed the malt bagasse presents a fibrous morphology (Figure 2 (a)) and after biosorption process ( Figure 2 (b)) there were no significant changes in the malt bagasse morphology. However, an aggregate of small particles can be observed over the surface of biomass with Pb(II)-loaded. The EDS spectrum shows the absence of Pb at unloaded biomass and after biosorption process the signal of Pb can be clearly identified.
Particle Size and Malt Bagasse Drying
Temperature. The influence of malt bagasse particle size and drying temperature over the biosorption of ions Pb(II) was investigated. The biosorption capacity was obtained using malt bagasse without any treatment and particle size between 0.12 and 2.00 mm. The removal of Pb(II) ranged from 99.5 to 100%, indicating that the particle size has no significant effect on the Pb(II) biosorption. The effect of drying temperature over the malt bagasse did not affect the biosorbent surface and the Pb(II) removal capacity. The obtained results showed no significant effect in the removal percentages from evaluated temperatures ranging from 91.7 to 97.7%. 
Experimental Design and Optimization.
The effects of parameters pH and agitation speed on the Pb(II) removal in aqueous solution were investigated using RSM. Table 1 shows experimental results of the independent variables combination obtained by the experimental design. Additionally, the values for coded and decoded variables of each experiment are shown.
As can be observed in Table 1 , there is a distinct response in terms of Pb(II) removal of the solution by malt bagasse under different operating parameters combination, reaching maximum value (91.2%) at pH 4.5 and agitation speed 100 rpm. Table 2 presented the statistical significance of the variables and their interactions at different levels of probability and regression coefficient of the second-order polynomial models for Pb(II) removal.
The values indicated the interaction strength of each parameter. Considering a confidence level of 95%, a factor can be statistically significant if value < 0.05. From values of each model term (Table 3) , it can be determined that the regression coefficients of the constant term 0 , the linear terms 1 and 2 , the quadratic terms of 11 and 22 and two-factor interaction term 12 had significant effect on the Pb(II) removal.
The application of RSM expressed in the regression (2) is an empirical relationship between Pb removal ( ) and the tested variables. 
where is the response, that is, Pb(II) removal percentage, and 1 and 2 are the coded values of pH and agitation speed, respectively.
The statistical significance of the model was evaluated by the analysis of variance (ANOVA) as presented in Table 3 . The ratio between the mean square regression (MS ) and the mean square residual (MS ), the -ratio / , was applied to establish the statistical significance of models. The ratio between the mean square lack of fit (MS LOF ) and the mean square pure error (MS PE ), the -ratio LOF/PE , was used to evaluate if the model was well adjusted to the observations. The relationship between the independent and dependent variables is illustrated in a three-dimensional representation of the response surface (Figure 3) . The response surface plot was used to determine adsorption percentage of the metal over interactive variables pH and agitation speed. The removal of Pb(II) increased with increase of solution pH ranging from 2.0 to 4.5 as well as with agitation speed ranging from 0 to 200 rpm.
Several papers have reported the negative effect of metal removal by biosorption at low pH values. This behavior may be due to the fact that high concentration and high mobility of H+ ions lead to the preferential biosorption of hydrogen ions rather than the metal ions. On the other hand, the biosorption efficiency is significantly improved with pH increasing [8] . However, at pH values higher than 5.0, the precipitation of Pb(II) species was observed; thus pH range up to 4.5 was selected in this study in order to avoid the influence of the precipitation process on the biosorption results.
The agitation speed is a significant parameter to be optimized in biosorption processes, since it may have influence on the solute distribution in the solution and the formation of the external boundary layer [28] . The biosorption of Pb(II) by malt bagasse increased with high speed agitation. Thus at pH = 4.5 and speed agitation of 170 rpm, the maximum removal capacity was achieved and these optimum parameters were used for the following biosorption experiments.
Kinetics Studies.
The results of the kinetics studies are summarized in Figure 4 . In the initial time, a high rate of biosorption was observed at all evaluated conditions. As can be observed, the kinetics curves show that the biosorption process of Pb(II) by malt bagasse is favored with the temperature increasing. The equilibrium was reached in a shorter time (60 min) for the highest evaluated temperature (315 K), indicating the endothermic character of the Pb(II) biosorption process by malt bagasse. The kinetic behavior of Pb(II) biosorption by malt bagasse was evaluated by means of pseudo-first-order, pseudo-second-order, and Elovich models. Pseudo-firstorder model can be given by [29] 
where the pseudo-first-order rate constant is given by 1 (min −1 ) and the parameters and are the adsorbed amounts of Pb(II) (mg g −1 ) at equilibrium and time t (min), respectively.
The pseudo-second-order model can be given by where 2 is the pseudo-second-order rate constant (g mg
min −1 ). The initial sorption rate ℎ (mg g −1 min −1 ) was obtained using the pseudo-second-order rate constant ( 2 ). The initial sorption rate of the process can be expressed as [30] 
The Elovich model is based on a kinetic principle considering a multilayer adsorption [31] . The equation of Elovich can be expressed as [32] 
where parameters and are the initial sorption rate (mg g −1 min −1 ) and the desorption constant (g mg −1 ), respectively.
In Table 4 , the parameters and correlation coefficients (
2 ) for pseudo-first-order, pseudo-second-order, and Elovich kinetic models at evaluated temperatures are presented. The experimental data for the Pb(II) biosorption by malt bagasse were better described by the pseudo-secondorder model, as judged by the highest correlation coefficients (>0.999) at evaluated temperatures ( Figure 5) . Moreover, the values calculated were in agreement with the experimental values. Increasing the temperature, the constant pseudosecond-order rate values changed from 3.4 × 10 −3 to 10.4 × 10 −3 g mg −1 min −1 . During the biosorption process, the ions of Pb(II) of the solution have to overcome an energetic barrier to be adsorbed by malt bagasse; the minimum kinetic energy necessary for this process to occur is defined as activation energy ( ).
can be calculated by fitting the kinetic constant from the pseudo-second-order model at different temperatures to the Arrhenius equation [33] :
where (J mol −1 ) is the activation energy, (g mg
is the Arrhenius constant, (8.314 J mol
is the ideal gas constant, and (K) is the temperature of the solution.
for Pb(II) biosorption was evaluated by plotting ln 2 versus 1/ . The values from 5 to 40 kJ mol −1 to are expected for physical biosorption and from 40 to 800 kJ mol −1 for chemical biosorption [34] . In the present study, the obtained value of was 42.2 kJ mol −1 , and this value is very close to the established limits used for mechanism definition. Thus, the mechanism process of Pb(II) by malt bagasse cannot be defined only by this parameter.
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Sorption Isotherms.
The Pb(II) biosorption by malt bagasse was evaluated by Langmuir, Freundlich, and Temkin isotherms models. The Langmuir model is one of the most applied to equilibrium data evaluation and assumes that the biosorption occurs in monolayers [35] . The linear form of the Langmuir isotherm model can be represented by [36] 
where max is the monolayer biosorption capacity of the biosorbent (mg g −1 ) and is the Langmuir constant (L mg −1 ) related with adsorption energy. The linear plot of / versus is used for max and calculation.
The essential quality of the Langmuir isotherm can be obtained by means of dimensionless constant separation factor ( ), which is defined as
value indicates that the biosorption process is favorable (0 < < 1), unfavorable ( > 1), linear ( = 1), or irreversible ( = 0) [32] .
constant value obtained for biosorption of Pb(II) by malt bagasse was 0.035, indicating that the biosorption process is favorable.
The Freundlich equation is given as [11] log = log + 1 log ,
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International Journal of Chemical Engineering where Freundlich constants are represented by and , which are defined as biosorption capacity and biosorption intensity, respectively. Plotting log( ) versus log( ), if the Freundlich equation applies, a straight line can be obtained with slope 1/ and is obtained by the intercept. The Temkin isotherm model contemplates the effects of indirect interactions between adsorbent and adsorbate on the biosorption isotherms and gives the free energy of sorption to the surface coverage [37] . Temkin model is defined as
where is the equilibrium binding constant (L mg −1 ) and
is the Temkin isotherm constant related to the heat of biosorption.
The parameters obtained for the isotherms models applied to the Pb(II) biosorption and the, respectively, linear correlation coefficients ( 2 ) are presented in Table 5 . The poorest fit was given by Temkin isotherms model, confirmed by lowest value of correlation coefficient (0.9179). However, the highest value of correlation coefficient (0.9820) was obtained for Langmuir model, indicating that the this model can accurately describe biosorption Pb(II) by malt bagasse. The obtained maximum biosorption capacity ( max ) in this process was 29.1 mg g −1 ; this value is comparable to the biosorption capacity obtained for Pb biosorption at literature, as shown in Table 6 .
Comparing to literature, max of malt bagasse was not the highest; however, it should be mentioned that malt bagasse is a low cost biosorbent and can be used without previous treatment. Thus, the malt bagasse can be considered an excellent option of biosorbent to remove Pb(II) ions from solution.
3.6. Thermodynamic Study. The thermodynamic parameters ware applied to determine whether a biosorption process will occur spontaneously. The changes in Gibbs free energy (Δ ∘ ), enthalpy (Δ ∘ ), and entropy (Δ ∘ ) of biosorption process were obtained by the following equations:
where is defined as concentration of Pb(II) adsorbed at equilibrium. The enthalpy (ΔH ∘ ) and entropy (ΔS ∘ ) can be calculated by the slope and intercept of a Van't Hoff equation of Δ ∘ versus T [35, 38] . Negative values of ΔG ∘ at different temperatures, summarized in Table 
Diffusion
Modeling. Now, we consider the Pb(II) uniformly distributed in the bulk and the system in absence of movement. In this manner, we intend to analyze the influence of diffusion on the kinetic process, that is, the sorption process of Pb(II) by the biosorbent present in the end of the recipient. Experimental data were obtained by applying the procedure previously described in Section 2.8 and are shown in Figure 6 .
In order to describe the experimental data presented in Figure 5 , we consider that the diffusion process of the Pb(II) in the bulk is governed by the diffusion equation [39] :
where is the diffusion coefficient, ( , ) represents the concentration of Pb(II) in the bulk, and ( ) = ∫ 0 ( , ) gives the quantity of Pb(II) in the bulk as a function of time . Equation (13) is subjected to the initial condition ( , 0) = 0 , in order to represent the Pb(II) initially uniformly distributed in the bulk. The boundary conditions, obtained from the experiment, are
Note that boundary conditions consider that in = 0 there is a flux of particle of the bulk to the biosorbent and in = the flux is absent. The function ( ) is connected to the quantity of Pb(II) which is sorbed by the biosorbent. By solving the diffusion equation with the previous boundary conditions, we get that the solution, in the Laplace space [39] , is given by
and performing an integration, we get that
where 0 represents the initial quantity of Pb(II) in the bulk. In order to determine the time dependence of ( ) in this scenario, we used the experimental data exhibited in Figure 5 . The experimental data presented in Figure 5 is well fitted in terms of the first-order model; that is, ( ) = (1 − − 1 ), as previously discussed. By connecting the quantities of this model with the parameters present in the diffusive model, we obtain = 0 and 1 ∼ √ / 2 . This connection leads us to observe the influence of the diffusion process on the sorption process of Pb(II) by the biosorbent; that is, the sorption process depends on the diffusive time √ 2 / . In addition, it is possible to verify that the temperature increasing, since in general ∝ (Einstein-Smoluchowski relation) in a diffusive process, implies that 1 has also an amount and, consequently, the sorption rate increases.
Conclusion
Malt bagasse was found to be a promising biosorbent for the removal of Pb(II) from aqueous solution, due to the removal efficacy, low cost, and the ability to be used without previous treatment. The Fourier transform infrared spectroscopy confirmed biosorbent-Pb(II) ions interaction. The Langmuir model showed better fit and the estimated biosorption capacity was 29.1 mg g −1 (305 ± 2 K). The temperature change in the range of 295-315 K affected the biosorption capacity. The kinetics of biosorption followed pseudo-second-order model and the negative values of Gibbs free energy, Δ ∘ , indicate a favorable biosorption of Pb(II) by malt bagasse and positive value of enthalpy, Δ ∘ , showed the endothermic nature of biosorption. We investigated an experimental scenario where the diffusion may play an important role, that is, the sorption process in absence of agitation. For this case, we consider that the Pb(II) diffusion in the bulk was governed by (13) and verified that the sorption process of this substance was well modeled by a first-order model. The relaxation time present in this model was connected to the diffusion time evidencing that in this case the diffusion has a direct influence on the sorption process.
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